Reactive astrocytes influence not only the severity of brain injury, but also the capacity of brain to reshape itself with learning. Mechanisms responsible for astrogliosis remain unknown but might be best studied in vitro, where improved access and visualization permit application of modem molecu lar and cellular techniques. We have begun to explore whether gliosis might be studied in hippocampal organotypic cultures (HOTCs), where potential cell-to-cell interactions are pre served and the advantages of an in vitro preparation are still realized. Following HOTC exposure to N-methyl-D-aspartate (NMDA), dose-dependent changes occurred in the optical den sity (OD) values for the astrocytic immunohistochemical [im munostaining (IS)] markers glial fibrillary acidic protein (GFAP) and vimentin. Exposure of HOTCs to NMDA (10 !JM) caused selective death in the CA 1 hippocampal region and the dentate gyrus. It also significantly increased GFAP IS and vi mentin IS OD values in these regions. Increased GF AP IS and vimentin IS OD values were also seen in CA3, a hippocampal
region that displayed no cell death. Light microscopic exami nation revealed hypertrophied GFAP and vimentin IS cells, characteristic of reactive astrocytes. Cellular proliferation, as assessed by proliferating cell nuclear antigen IS, was also sig nificantly increased in all three of these hippocampal regions. In contrast, exposure of HOTCs to a noninjurious level of NMDA (1 f.LM) caused only minor changes in GFAP IS and vimentin IS OD values but a significantly reduced cellular pro liferation in all HOTC regions. These results show that reactive astrocytosis from excitotoxic injury of HOTC parallels changes seen in vivo after global ischemia. Furthermore, since resting astroglia within HOTCs are also similar to their counterparts in vivo, HOTCs may be used to examine mechanisms by which these cells are transformed into reactive species within tissue that resembles intact brain. Key Words: Astrocytes Astrogliosis-Glial fibrillary acidic protein-Hippocampal or ganotypic culture-N-Methyl-D-aspartate-Selecti ve neuronal vulnerabili ty. astrogliosis, mechanisms responsible for glial activation and the physiologic changes that accompany it are in completely defined. This lack stems in part from the paucity of biological models available to study specific cellular changes associated with the phenomenon. Whole animals have been used to study astrogliosis. Their use ranges from traumatic injury of a needle stab (Bignami and Dahl, 1976) or a denervating lesion (Hajos et aI., 1990) to neuronal injury from global ischemia (Petito et aI., 1990) or seizure activity (Steward et aI., 1991) and neural injury from focal ischemia (Chen et aI., 1993) . In addition, neuronal injury alone is clearly not needed for astrocytes to be transformed to reactive cells. Spreading depression (SD), a process lacking irreversible cell in jury, can also induce astrogliosis (R. P. Kraig et aI., 1991, unpublished) and has been used to examine mechanisms of gliosis (Caggiano and Kraig, 1996) . U n fortunately, the utility of whole-animal studies is dimin ished by technical limitations. For example, the intersti tial environment around specific cells is difficult to con trol and analyze. Furthermore, functional and anatomical changes from identified individual cells are exceedingly difficult to follow in space and time. These two major technical limitations can be alleviated through use of primary astrocytic cultures. Indeed, astrocytic cultures have been used extensively to study gliosis (Lindsay, 1986) . Unfortunately, astrocytes in primary culture may not mature as far as their counterparts do in vivo. For example, astrocytes in primary culture continue to ex press vimentin (De VeIlis et aI., 1986) . Thus, astrocytes in primary culture may already be "reactive" (Kraig et aI., 1995) . In addition and perhaps most importantly, cell-to-cell interactions that necessarily occur in vivo are obviously absent in primary cultures. These important advantages and disadvantages of current in vivo and in vitro gliosis models warrant a search for an alternative that affords the advantages of both preparations without the disadvantages of either system.
Hippocampal organotypic cultures (HOTes) may pro vide an advantageous blend of existing gliosis models. HOTes can be maintained in vitro for many months (Bahr, 1995) . Importantly, cells within HOTes maintain cell-to-cell relations seen in vivo (Gahwiler, 1981 (Gahwiler, , 1984 Stoppini et aI., 1991; Buchs et aI., 1993; Frotscher et aI., 1995) . Furthermore, neuronal activities in HOTes paral lel those seen in vivo. Evoked electrophysiologic activity (Gahwiler, 1984; Stoppini et aI., 1991; Muller et aI., 1993; Hajos et aI., 1994) , electrographic seizures (Fowler ( et aI., 1986) , and SD (Kunkler and Kraig, 1995b) seen in HOTes are similar in their respective counterparts within the hippocampus in vivo. Finally, immunohisto chemical characterization of HOTe glia shows that these cells also resemble morphologically and immunohisto chemically their in vivo counterparts (Del Rio et aI., 1991; Berger and Frotscher, 1994; Kunkler and Kraig, 1995a,b) . HOTe astrocytes become progressively nega tive over weeks for vimentin and positive for GFAP. Similarly, oligodendrocytes (e.g., galactocerebroside positive cells) are increasingly evident with age. Micro glia are mostly ramified and positive for the complement receptor 3 (e.g., OX-42) as opposed to ameboid and posi tive for OX-18 or OX-6, antibodies that recognize major histocompatibility complexes I and II, respectively. Thus, HOTes possess anatomical and functional charac teristics consistent with those found within the intact hippocampus.
Here we demonstrate that astrogliosis from excitotoxic injury in HOTes shows many similarities to the glial response seen after global ischemic injury in vivo (Petito et ai., 1990; Petito and Halaby, 1993) . Portions of these results have appeared in preliminary form (Kunkler and Kraig, 1995a,b) .
METHODS

HOTC preparation and maintenance
HOTCs were prepared according to Stoppini et al. (1991) . Wistar rat pups (6-9 days old) were anesthetized with halo-thane via inhalation in a closed container. When motionless, animals were decapitated. Their brains were removed asepti cally and placed in sterile Gey ' s Balanced Salt Solution (GBSS) supplemented with D-glucose (6. 5 mg/ml) that was maintained at 3°C. Hippocampi were isolated and placed on a Tetlon tissue chopper disk layered previously with freshly pre pared, sterile, 3% agar/l50 mM NaCI. Hippocampi were then sectioned perpendicularly to their septotemporal axis (400 f.Lm thick) with a McIlwain tissue chopper (Mickle Laboratory En gineering Co. , Gomshall, Surrey, England). Sectioned hippo campi with their underlying agar support were removed from the disk, placed in fresh GBSS at 3°C, and gently separated. Slices that showed a complete pyramidal cell layer and intact dentate gyrus (DG) were transferred to uncoated 30-mm Mil licell-CM tissue culture inserts (Millipore Corp. , Bedford, MA, U. S. A. ). Inserts were preequilibrated with medium by sur rounding individual inserts with 1.3 ml each of medium in six-well culture dishes (Becton Dickinson, Lincoln Park, NJ, U. S. A. ). This moistened the porous surface of the inserts with out establishing a standing fluid level within them. Culture dishes and associated inserts were kept at 37°C with 5% COi balance humidified air in a standard incubator (Heraeus Instru ments, South Plainfield, NJ, U. S.A.). Seven-to eight-slice cul tures were placed on each insert and maintained in vitro for at least 3 weeks. Medium around HOTCs was replaced twice a week (1. 2 ml) and contained Basal Medium Eagle Medium (50%), Earle ' s Balanced Salt Solution (25%), horse serum (23%), 25 units/ml penicillin/streptomycin, I mM L-glutamine, supplemented with additional D-glucose to a final concentration of 7.5 mg/ml (Pozzo Miller et aI. , 1994) . All tissue culture reagents were obtained from Gibco Co. (Grand Island, NY, U. S. A. ). Approximately 15-18 cytoarchitecturally intact sec tions were obtained from each rodent pup. However, the yield per animal varied with the age/weight of pups. Highest yields came from pups that were at least 6 days old and weighed ;312 g.
Induction and confirmation of neural injury from N-methyl-n-aspartate
HOTCs underwent an initial screening for cell viability after 21 days in vitro using a sensitive fluorescent marker for dead cells (Sytox; Molecular Probes, Eugene, OR, U. S.A. ). Sytox is a high-affinity nucleic acid stain. It does not penetrate intact plasma membranes, but it rapidly stains the nuclei of cells whose outer membrane has been disrupted. Cultures were ex posed to Sytox for 20 min while in an incubator (5% COi balance humidified air at 37°C). Sytox (50 nM final concen tration) was dissolved in a sterile solution containing Basal Medium Eagle Medium (75%), Earle ' s Balanced Salt Solution (25%), 25 units/ml penicillin/streptomycin, I mM L-glutamine, supplemented with additional D-glucose to a final concentration of 7.5 mg/ml; 1. 2 ml of this solution was used per insert with half of the volume placed over the insert to enhance exposure. The tissue culture plate containing the insert was scanned on the stage of an inverted microscope (Fluovert; Leica, St. Gallen, Switzerland) at 63x total magnification. Fluorescence was elicited by excitation with a 100-W mercury vapor lamp using a standard fluorescein filter set (I3 from Leica). Cultures were exposed to fluorescent light for <20 s per HOTC during this screening to reduce any potential for photobleaching or phototoxicity. A Uniblitz Shutter (Vincent Associates, Roch ester, NY, U. S. A. ) was used to reduce exposure to <300 ms/ photograph (6. 3x objective) for images shown in Fig. 2 . HOTCs (exclusive of their spreading edge) with >20 positive cells were excluded from experiments. Excluded cultures were removed from the inserts.
Following initial screening for HOTC viability, culture me dium was changed at room temperature to an N-2-hydroxy ethylpiperazine-N' -2-ethanesulfonic acid (HEPES)-buffered salt solution (HBSS) consisting of NaCI 143.4 mM, HEPES 5 mM, KCI 5.4 mM, MgS04 1.2 mM, NaH2P04 1.2 mM, CaCI2 2.0 mM, and D-glucose 10 mM (after Vornov et aI., 1991) plus either 1 or 10 fLM of the glutamate agonist N-methyl-D aspartate (NMDA) for 30 min. Sham control cultures were exposed to HBSS only. Each insert received I ml of test solu tion placed around the insert and an additional 0.5 ml placed on top of the cultures to enhance the likelihood of their exposure to experimental solution. At the end of exposure periods, in serts were rinsed with HBSS and placed in tissue culture trays containing 1.2 ml of preequilibrated culture medium. The cul tures were then returned to the incubator (5% COibalance humidified air at 37°C). After recovery periods of 24, 48, 72 h, or 7 days, inserts were screened again for regional injury using Sytox. Most (98%) cultures that were exposed to 10 fLM NMDA (n = 424) showed at least CAl regional evidence of injury (n = 414). On the other hand, cultures exposed to 1 fLM NMDA (n = 154) showed no evidence of injury (n = 151).
Immunohistochemistry
After confirmation of regional injury from NMDA exposure, HOTCs were processed for IS. While still on the culture insert, HOTCs were fixed with a solution of 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) overnight at 4°C. Then, the HOTCs were gently removed from the inserts with a brush and placed in 10 mM phosphate-buffered saline (PBS) for an addi tional 24)1. The latter solution also contained 1% Triton-XIOO (Sigma, St. Louis, MO, U.S.A.) and 0.01 % sodium azide. Next, slice cultures were placed in 500 fLI of blocking solution con taining PBS, 0.75% Triton-X100, 0.01 % sodium azide, and 3% goat serum (Colorado Serum Co., Denver, CO, U.S.A.) for 1 h at room temperature and then transferred to 500 fLI of blocking solution containing anti-GFAP or anti-vimentin (no. 814-369 and no. 814-318, respectively, diluted I: 100; Boehringer Man nheim, Indianapolis, IN, U.S.A.) for 24 h at 4°C with gentle agitation. Following the primary antibody incubation, HOTCs were rinsed in PBS (three times for 10 min each) and incubated in peroxidase-labeled anti-mouse IgG antibody (diluted 1 :50 in blocking solution that lacked sodium azide; Biosource Interna tional, Cameriool, CA, U.S.A.) with gentle agitation for I ha t room temperature. Cultures were rinsed in PBS and the per oxidase label visualized by incubation in PBS containing 0.05% diaminobenzidine dihydrochloride (Sigma) and 0.01 % H202 for 5-7 min at room temperature with agitation. After thorough rinsing in PBS, HOTCs were mounted on gelatin coated slides and air-dried overnight. HOTCs were then coun terstained with neutral red, dehydrated in graded alcohols, cleared in xylenes, and coverslipped with DPX mountant (BDH Laboratory Supplies, Poole, England).
For the study of cellular proliferation, HOTCs were pro cessed as described except that they were quenched in metha nol containing 1.0% H202 followed by three rinses in PBS before placement in blocking solution and primary antibody incubation with anti-proliferating cell nuclear antigen (anti PCNA) (no. sc-56 diluted I :300; Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.). Preliminary trials showed reduced PCNA IS when quenching was not included. For double labeling experiments, the cultures were first immunostained for GFAP or vimentin as described followed by PCNA IS using a rhodamine-conjugated anti-mouse IgG antibody (Ca/tag Labo ratories, San Francisco, CA, U.S.A.) diluted I :50 in blocking J Cereh Blood Flow Mefab, Vol. 17. No. I, 1997 solution. The HOTCs were rinsed with PBS, slide mounted, air dried, dehydrated, cleared, and coverslipped as described.
Computer-based quantification of immunohistochemistry Image preparation. Computer-based image analysis soft ware, Image Pro Plus (version 1.3; Media Cybernectics, Silver Springs, MD, U.S.A.), was used to quantitate IS. Slide mounted HOTCs were photographed (1,024 x 1,024 pixels) using a 12-bit, cooled, charge-coupled camera (CH250; Photo metrics, Tucson, AZ, U.S.A.). The camera was run under a Windows (3.1) environment on a 486 AST computer (AST Research, Irvine, CA, U.S.A.) using PMIS software (version 3.0: Photometrics). HOTCs were transilluminated through a 0.5 neutral density filter (Ealing Electro-optics, Holliston, MA, U.S.A.) in combination with either a 540/40 or a 630/30-nm band pass filter (Chroma Technology Corp., Brattleboro, VT, U.S.A.) using a Laborlux D compound microscope (Leica, St. Gallen, Switzerland) at 2x total magnification. The 540/40 band pass filter emphasized the cytoarchitectural organization of the slice culture. Accordingly, an area of interest (AOI) for either CAl ' CA3, or DG could be easily outlined. Quantifica tions of IS were based on these AOIs. The AOIs were overlaid onto other images obtained using a 630/30-nm bandpass filter. This filter effectively removed neutral red staining so that only IS was visualized and quantified. Electronic images were stored on a Pinnacle Micro optical drive (Sierra 1.3 GB; Pinnacle Micro, Irvine, CA, U.S.A.). Electrical power for the micro scope light source and all electronic equipment was stabilized with mini uninteruptible power systems (MUPSA-I000;
Philtek Power Corp., Blaine, WA, U.S.A.).
The image analysis strategy followed that recently used for whole-brain sections (Caggiano and Kraig, 1996) . First, five bias photos were taken. This removed residual charge from the camera sensor. Second, a sharp focus of an image was obtained to establish the relative focal plane from which experimental photos would be acquired. Third, the camera sensor gain was calibrated by adjusting the exposure time (110-120 ms) so that the mean intensity acquired from the filtered light source was a constant value (e.g., 3,450 on a 0-4,096 scale). This required that all microscope light path settings be reproducibly estab lished. Fourth, for each GFAP IS and vimentin IS culture, a 540/40-and 630/30-nm band pass filtered image was acquired and stored. In addition, a dark-field current image (1d; same exposure time with a closed shutter) and a background refer ence image (1,.) were acquired for each microscopic slide of cultures. For PCNA IS cultures, the DG, CA3, and CAl hip pocampal regions were acquired as described except that im ages were obtained at 7.5x total gain instead of 2x and with a 660-nm band pass filter. An I, for each slide was also acquired and stored.
Image analyses. Optical density (OD) values were deter mined from electronic images as follows (Caggiano and Kraig, 1996) : The dark-field current was subtracted from the acquired slice section image (io -lei) and from the reference image (1, -Ict). A corrected image (Ie> was then generated by reference correction of the experimental image according to where M equals the mean pixel value of the corrected reference image. Previously generated AOIs were then applied to the respective DG, CA3, and CAl zones to be quantitated in the corrected images. The intensity scale (0--4,096) for OD mea-surements was set to a constant dark and light limit (e.g., 1,500-3,200) that bracketed light intensity values for all hip pocampal cultures. In this way, the range of 00 measurements was narrowed to that of the experimental data to optimize sig nal-to-noise values.
For PCNA IS analysis, cell counts also were conducted using Image Pro Plus software. Parameters used for cell counting (perimeter, average diameter, and roundness) were determined in preliminary studies. The ranges used for each parameter were 5-20 J.1m (perimeter), 15-20 J.1m (average diameter), and 1.0-1.6 (roundness). Spatial calibration was set using a stage optical micrometer. Before determining cell counts, the slide reference image was background subtracted from each acquired HOTC image. Then, a threshold range (e.g., within 0-4,096 range) was empirically determined by sampling multiple HOTCs and visually accessing the cells counted. To ensure that the sampling area was the same for each HOTC, the same AOI per hippocampal region was applied to all sections. Personnel were blinded to experimental conditions when acquiring and quantitating electronic images.
Statistical procedures
For GFAP and vimentin analyses, sham control 00 values were averaged for each recovery point. To stabilize the vari ance, experimental 00 values were divided by the mean sham control 00 for each respective condition. The resultant value underwent a logarithmic transformation. In this way, increased IS of experimental sections compared with similar recovery period controls would result in a log ratio greater than zero, FIG. 1. Low-power, bright-field photomicrograph of hippocampal organ culture. Image shown is from a hippocampal organotypic culture (HOTC) maintained in cul ture for 35 days. Experiments were done on cultures maintained for 21-35 days in vitro since this is a period within which synaptic ac tivity typically reaches a plateau. The culture shown was fixed in 4% paraformaldehyde, stained with neutral red, and photo graphed with an electronic cam era system. Notice the pyramidal cell layer and dentate gyrus (OG) of the HOTC are typical of those seen in the intact hippocampus in vivo. Measurements of neural cell injury and associated astrogliosis were evaluated in three regions: CA1 , CA3, and OG. Image is 1,454 �m on a side.
while changes equivalent to control conditions would result in a log ratio value of zero.
A Student two-tailed t test was used to determine signifi cance. Statistics were calculated using Systat software (version 5, Systat, Evanston, IL, U.S.A.) and histograms made using Sigma Plot software (version 2.0; Jandel Scientific, San Rafael, CA, U.S.A.). Means and standard deviations are shown in all histograms. PCNA data analysis was similar to that described. However, here data were transformed by adding I to group means and taking the square root of the resultant values. This procedure reduced variance associated with small counts (Snedecor and Cochran, 1989) .
Preparation of illustrations
Illustrations of IS were prepared from electronic images in concert with recent discussions (Anderson, 1994) . Bright-field images were photographed using 100 ASA Ektachrome color film (Eastman Kodak, Rochester, NY, U.S.A.) with an Ortho mat E automatic exposure unit (Leica). Resultant 35-mm slides were transformed into electronic files using a Kodak Profes sional Film Scanner (no. 2035; Eastman Kodak) at 1,000 pix elslin. Electronic images were processed using Image Pro Plus software. First, reference images were subtracted to even image lighting. Second, images were refocused using a high Gaussian filter (7 x 7 pixel matrix at 50% strength and two passes for Figs. 3, 4, 6, and 7 or 100% strength and one pass for Figs. 9 and 10). Third, image brightness was raised and background noise lowered by applying brightness, contrast, and gamma function values of 76, 50, and 0.6 to all images. were exposed to Ringer's solution (A) and experimental HOTCs to Ringer's solution plus 10 !JM NMDA (8) for 30 min at room temperature. Test solutions were removed and cultures reexposed to normal growth medium in an incubator at 37"C with 5% CO2/ balance humidified air. Cultures were briefly removed (at times indicated in hours in the upper left-hand corner of images) and photo graphed. White lines in O-h images show pyramidal cell body layer and dentate gyrus for all images. Notice that in sham control cultures (A), only a few cells show cell necrosis (e.g., especially at 21 or 24 h). On the other hand (B), a pronounced and progressive increase in necrosis is seen in the CA, area from 15 to 24 h after exposure to 10 !JM NMDA. Bar = 500 !Jm.
Images shown in Fig. 2 were refocused using a constrained iterative deblurring algorithm at two cycles (Microtome version 1.2; Vaytek, Fairfield, lA, U. S. A. ). Images were enhanced by applying brightness, contrast, and gamma values of 85, 80, and 0.2 to all images.
Final images in all instances were printed using a dye sub limination printer (XLT-7720; Eastman Kodak). The HOTC shown was maintained in vitro for 35 days. HOTCs used in this study were maintained in vitro 21-35 days before exposure to NMDA. This was done to help ensure that synaptic activity had reached a plateau (Buchs et ai., 1993; Muller et aI., 1993; Bahr, 1995) prior to experimental manipulations. During this period in vitro, cultures showed distinguishable CA I ' CA 3 , and DO subfields. In contrast to that found in situ, the pyra midal neurons of CAl spread out to form a loosely de fined cell layer, while the CA 3 pyramidal neurons main tained a compact layer. The U-shaped DO consists of a multilayered granular cell layer, though the infrapyrami-dal limb is frequently diminished in width (Zimmer and Oahwiler, 1984) .
The temporal profile of injury following exposure to 10 I..I.M NMDA is shown in Fig. 2 . Injury was visualized using a highly sensitive fluorescent marker for dead cells (Sytox). No regional injury was detected within sham control HOTCs during the 24 h they were observed ( Fig.  2A) or up to the 72-h period (data not shown) of experi ments. HOTCs exposed to 10 f.LM NMDA showed a similar lack of regional injury for the first 12 h after exposure. However, by 12 h postexposure, a few isolated cells were positive for Sytox in the DO and a faint band of scattered fluorescent cells became visible in CAl (Fig.  2B ). During the next 12-h period, the number of fluores cent cells in CAl became more numerous, coalescing to form a homogeneous fluorescent zone. During this pe riod, only a slight increase in staining was observed in the DG, with fluorescent cells localized primarily within the suprapyramidal limb. No observable increase in fluo rescence was noted in either region during the next 48 h (data not shown). In contrast, the CA 3 subfield remained free of staining throughout the NMDA postexposure pe riod.
Exposure of HOTCs to I f.LM NMDA resulted in no detectable increase in Sytox staining as compared with sham-exposed cultures (data not shown).
Astroglial changes after 10 11M NMDA exposure GF AP and vimentin IS were used to detect astroglial changes following NMDA exposure. In sham-exposed HOTCs, GFAP IS was uniformly present throughout CAl' CA 3 , and DG as radially oriented fibers (Fig. 3 ) like that shown by Del Rio et al. (1991) . Immunoreactive perikarya with slender processes that radiated in an ap parently random fashion were found scattered in all sub fields, though within CAl the processes were more nu merous than found in the other regions (Fig. 3B ). In addition, possibly reflecting a maturational gradient, GFAP IS ' cells progressively increased in size and stain ing intensity toward the pyramidal and dentate neuronal cell layers. In contrast, 24 and 48 h following NMDA exposure, enlarged immunoreactive cells with thickened processes were prevalent throughout HOTCs, disrupting the uniform radial pattern found in the control cultures ( Fig. 4) . Consistent with the predominant lysis indicated by Sytox, the most prominent GFAP IS density increases were observed in CAl (Fig. 4) . OD analyses of GFAP IS in NMDA-exposed cultures compared with sham cul tures are summarized in Fig. 5 . All regions showed a significant increase in GFAP IS 24 and 48 h after NMDA exposure (p < 0.05), although the most pronounced in crease occurred in CAl (p < 0.00 1). By 72 h, however, none of the regions were significantly different from those in sham-exposed HOTCs. The decline in GFAP IS intensity measured at 72 h accelerated and reached sig nificantly decreased (e.g., below baseline) levels in all regions by 7 days postexposure (p < 0.0 1). Vimentin IS was localized primarily within the DG and surrounding the edge of sham-exposed HOTCs (Fig.  6) . Small-to medium-sized immunoreactive perikarya with slender processes (e.g., Fig. 6B ) were scattered throughout the culture with the highest density found in the less developed infrapyramidal limb of the DG (Fig.  6D) . Larger vimentin IS cells with thickened processes formed a dense, tangled matrix surrounding the culture (e.g., cf. Figs. 6A and 7 A) . Following NMDA exposure, the cultures displayed regional and temporal fluctuations J Cereb Blood Flow Metab, Vol. 17, No. 1, 1997 in vimentin IS intensities ( Figs. 7 and 8) . Vimentin IS OD values were increased in all regions 24 h postexpo sure (p < 0.05 and p < 0.00 1, DG and CAl' respectively), but returned toward baseline values by 48 h. However, OD values increased again in CAl and CA 3 (p < 0.05 and p < 0.00 1, respectively) 72 h after NMDA exposure, due in part to an enlargement and increase in the number of vimentin-immunoreactive cells ( Fig. 7B and C) . By 7 days, though, OD values in CA 3 fell toward baseline levels while CAl values remained elevated.
A dramatic increase in the number of PCNA immunoreactive cells was observed in all regions ana lyzed following 10 f.LM NMDA exposure ( Figs. 9-11 ). Twenty-four hours after NMDA exposure, both CAl and DG contained significantly increased PCNA-positive counts (p < 0.0 1 and p < 0.00 1, respectively). In contrast, PCNA-immunoreactive cells in the CA 3 remained near sham-exposed levels. By 48 h, all regions contained sig nificantly increased numbers (p < 0.00 1). PCNA IS cells, typically -6-10 f.Lm in diameter, were especially promi nent throughout the width of CAl and in the infrapyra midal limb of the DG (Fig. 10) . Fewer PCNA IS cells were typically found in CA 3 , similar to the sham condi tion. A sharp decrease in the number of PCNA IS cells followed at 72 h and 7 days postexposure in all three areas, yet values were still significantly elevated com pared with sham cultures.
Astroglial changes after 1 11M NMDA exposure OD values of GFAP IS after exposure of HOTCs to 1 f.LM NMDA are summarized in Fig. 12A . Consistent with the absence of regionally positive Sytox staining induced by this lower concentration of NMDA, GFAP IS inten sity values remained near sham-exposed values. The only increased value was found in the DG at 24 h, while a decrease was found in the CA 3 at 72 h postexposure (p < 0.05 and p < 0.0 1, respectively). Surprisingly, OD values in the CAl' which displayed significant changes following 10 f.LM NMDA, differed little from sham HOTC values. Light microscopic examination revealed only minor changes in immunoreactive morphology be tween experimental and sham conditions (data not shown). Likewise, vimentin IS-induced density changes were also limited compared with those observed with the higher NMDA concentration. All three regions showed a slight elevation in OD values after the initial 24-h period. This was followed by decreased staining densities at each of the remaining time points (Fig. 12B ) that reached significant values in the DG at both 72 h and 7 days (p < 0.0 1 and p < 0.05, respectively) and in CA 3 at 48 h (p ' < 0.00 1) but not in CAl' PCNA IS displayed a biphasic response to the lower concentration of NMDA. Counts of immunoreactive cells were significantly decreased in all regions 24 h after the exposure, most notably in CA 3 (p < 0.00 1). However, Bright-field photomicrographs of glial fibrillary acidic protein (GFAP) immunostaining (IS) in control hippocampal organotypic cultures (HOTCs). HOTCs were counterstained with neutral red to help illustrate CA" CA3, or dentate gyrus (OG) neuronal cell layers. As a result, photomicrographs here and elsewhere have some red hues that stem from the often out-of-focus image of stained cell bodies that extend throughout the 100-to 150-�m thickness of the HOTC. Low-power image (A) shows typical CA" CA3, and OG cell layers.
Notice that neutral red staining is more diffuse in CA, than in CA3 or the dentate area. This means that at higher magnification, the CA, cell layer is typically seen as a diffuse red shading (B), while the cell layer in CA3 is evident to the left in (C) and the suprapyramidal limb of the OG is evident in (D). GFAP-positive astrocytes in CA, (B) are evenly distributed throughout the subfield area and have relatively small cell bodies with thin processes. In CA3 (C), GFAP-positive cells are less densely distributed, but some have enlarged cell bodies.
GFAP IS in the suprapyramidal limb of the dentate is the least dense of the three areas examined (0). White lines (A) emphasize pyramidal cell body layer and OG. Bar = 50 �m. (NMDA) exposure in hippocampal organotypic cultures (HOTCs). Low-power image (A) shows typical CA1 , CA3, and DG cell layer orientation. Exposure to NMDA caused GFAP IS to increase in CA1 (8) and CA3 (C) areas. Notice the enlarged cell bodies throughout images in these areas compared with their respective counterparts in normal HOTCs (Fig. 3) . In this example, NMDA exposure, on the other hand, caused a distinct decrease in GFAP-positive cells within the dentate gyrus (0). Bar = 50 !-1m.
by 48 h, the number of peNA IS cells in each region had returned toward sham-exposed levels (Fig. 12C) . By 72 h, the number of immunoreactive cells again dramati cally decreased in each region (p < 0.00 1) and remained significantly lower at 7 days postexposure (p < 0.00 1). Microscopic analysis confirmed the results found by the .l Cereb Blood Flow Metab, Vol. 17, No. I, 1997
computer-based counting procedure. Frequently, only one to two immunoreactive cells were observed per re gion in the experimental HOTe (not shown), which was in contrast to that found in the sham-exposed HOTe (Fig. 9) .
The cell type of origin for PeNA-positive cells was HOTCs were included in the NMOA-exposed groups.
not systematically studied. However, a small subset of PCNA-stained cultures (n = 10) was examined to de termine if proliferating cells were predominantly astro cytes (after exposure to 10 fLM NMDA). Over 100 posi tive cells in 10 HOTCs (48 h after exposure) were ex amined for evidence of concomitant labeling with a fluorescent label for GFAP IS. Less than 10% of the proliferating cells were also GFAP positive.
DISCUSSION
The present work shows that many of the spatial and temporal changes of astroglia seen in vivo from global ischemia (Petito et aI., 1990; Petito and Halaby, 1993) are also found in HOTCs after excitotoxic injury. Expo sure of HOTCs to 10 fLM NMDA produces a selective loss of vulnerable neurons (e.g., predominantly CAl py ramidal cells) that parallels the loss of neurons in this same area from global ischemia. Our results show that, as in in vivo conditions, selective neuronal injury in duced a rapid and statistically significant increase in the astrocytic GFAP IS and vimentin IS. Furthermore, a dra matic and highly significant increase in cellular prolif eration was present in all regions of HOTCs after inju rious NMDA exposure. Finally, exposure of the HOTCs to a lower level of NMDA, which resulted in no neural injury, induced only minor alterations in astroglial im munohistochemical markers, but significantly reduced cellular proliferation.
HOTC reaction to 10 !JM NMDA Cell necrosis. Selective neural injury from exposure to NMDA, which was visualized with the fluorescent indi cator Sytox, is similar to the distribution of injury from this toxin seen in our own preliminary studies using propidium iodide (Kunkler and Kraig 1995a,b) and the work of others (Vornov et aI., 1991 (Vornov et aI., , 1995 . In concert with these earlier studies, the onset of NMDA-induced injury (10 fLM exposure) was delayed and localized to CAl and DG. These are areas within the hippocampus in vivo that contain the highest density of NMDA receptors (Greenamyre et aI., 1985) and zone of neuronal injury from global ischemia (Pulsinelli et aI., 1982) . The dead cell marker Sytox was used instead of propidium iodide since it could be employed at a dilution 10-100 times greater than that needed for positive propidium iodide staining. Furthermore, Sytox cells were markedly more fluorescent than ones stained with propidium iodide when either dye was used at typical dilutions. However, Vornov and colleagues (1995) did report positive stain ing with propidium iodide in portions of CA 3 and CA4 without HOTCs after exposure to 10 fLM NMDA that was not evident in our work. The paucity of Sytox positive staining in these latter regions might result from the fact that HOTCs were exposed to NMDA at a lower temperature in our work (21°C) compared with that (37°C) of Vornov et al. (1995) . In addition, HOTCs used here were relatively more mature (e.g., >21 days in vitro compared with <21 days in vitro). Greater maturity of HOTCs means more advanced anatomical differentiation (Buchs et aI., 1993) and improved synaptic function (in cluding increased inhibitory synaptic activity and re duced spontaneous excitatory activity) (Muller et aI., 1993) , which more closely resembles conditions found in vivo than seen using younger HOTCs. Together these anatomical and functional differences between these two types of HOTCs may account for the closer similarity of NMDA-induced injury in older HOTCs to that seen in vivo after global ischemia.
GFAP IS. Global ischemia and resultant selective neu ronal injury are associated with well characterized changes of astrocytes into reactive species (Petito et aI., 1990) . These astrocytic changes consist of a transient increase in GFAP IS and cellular hypertrophy where neurons are reversibly injured (e.g., neocortex). In addi tion, the changes include hyperplasia as well as hyper trophy and a more persistent rise in GFAP IS where neurons are irreversibly injured (e.g., hippocampus).
Astroglial changes seen within HOTCs after lethal NMDA exposure largely parallel changes that are seen in vivo from global ischemia. A significant and relatively FIG. 6. Bright-field photomicrographs of vimentin immunostaining (IS) in control hippocampal organotypic cultures (HOTCs). Vimentin IS falls with time in HOTCs, as in conditions in vivo, but unlike primary astrocytic cultures. This fall suggests astrocytes within HOTCs mature more than their counterparts in primary culture. This suggestion can be seen here. The low-power image of an HOTC (A) shows vimentin IS sparsely distributed within the HOTC compared with its surroundings. At higher magnification, CA, (8) and the dentate (0) individual cells can be seen. The meager distribution of vimentin IS compared with glial fibrillary acidic protein IS (see Fig. 3 ) is evident. In CA3 (C), vimentin IS is more prevalent. White lines (A) emphasize pyramidal cell body layer and dentate gyrus. Bar = 50 IJm. large transient increase in GFAP IS OD following NMDA exposure, which destroys cells, persists for 3 days in HOTCs, while this degree of injury from isch emia (e.g., CAl area of the hippocampus) causes a GFAP IS rise in vivo that persists for weeks after ischemia J Cereb Blood Flow Metab, Vol. 17, No. I, 1997 (Petito et aI., 1990) . On the other hand, GFAP IS rises to a lesser extent and only for a few days before returning toward normal where neurons are not destroyed (e.g., CA 3 ) in HOTCs. A similar transient change in GFAP IS that peaks at -3 days is seen with global ischemia where FIG. 7. Bright-field photomicrographs of vimentin immunostaining (IS) 72 h after 10 �M N-methyl-D-aspartate (NMDA) exposure in hippocampal organotypic cultures (HOTCs). Low-power image (A) shows regional changes in vimentin IS. NMDA exposure caused vimentin IS to increase in CA, (B). Notice the number of cells is increased and their cell bodies and processes enlarged compared with normal conditions (e.g., Fig. 6A ). Similarly, in this example, the CA3 area contains larger cells with thicker processes, although seemingly not more positive cells compared with control conditions (C). At 48 h, however, this change was not significantly different from controls. A similar nonsignificant change compared with sham controls was evident in the dentate area (0). Bar = 50 �m.
neurons (e.g., in neocortex) are only reversibly injured from the reduction in flow (Petito et aI., 1990) . Further more, SD in vivo, an even more benign phenomenon that lacks neuronal injury, results in a temporally similar tran sient rise in GFAP IS (Kraig et aI., 1991) and GFAP content (R. P. Kraig et aI., 1991, unpublished) . The GFAP IS increase, which was evident by 24 h after ex posure to 10 j.1M NMDA, is associated with an enlarge ment of GFAP-positive cell bodies and processes and an increase in the number of GFAP-positive cells. Astro- HOTCs, wl"Mle 13-34 HOTCs were included in the exposed groups.
cytic hypertrophy was seen in all zones of HOTCs and, as in the work of Petito and co-workers (1990) , -10% of dividing cells (see later) were astrocytic. Thus, most of the increased GFAP IS seen in HOTCs from NMDA exposure is due to hypertrophy of astrocytes and not hyperplasia. Seven days after exposure to 10 J-LM NMDA that is lethal to CAl and DG neurons, GFAP IS fell to levels significantly below baseline values in all (e.g., DG, CAl' and CA3) principal hippocampal regions. A fall in GFAP IS has been noted to occur early after global ischemia (Petito and Habaly, 1993) but not late (e.g., 7 days) as in HOTCs exposed to 10 J-LM NMDA. A fall in GFAP IS is also seen in adult central nervous tissue with hepatic encephalopathy [for review see Norenberg (1994 Norenberg ( , 1995 ]. This fall in GFAP IS is unlikely to be solely due to tissue immaturity since GFAP IS rises after neonatal hypoxic injury in whole animals and does not fall (Burt rum and Silverstein, 1994) . However, quantitative mea surements of GFAP IS after hypoxic/ischemic injury in neonates have not been completed, to our knowledge. Thus, it is conceivable that the lack of a persistent el evation in GFAP IS around lethally injured neurons and the fall in GFAP IS evident in all principal neuronal areas of HOTCs reflect a preserved plasticity or vitality of HOTCs that is not present in adult nervous tissue in J Cere" Blood Flow Metab. Vol. 17, No. 1. 1997 vivo. This hypothesis may be tested by establishing an ontogenic profile of GF AP IS changes after ischemia. Alternatively, GFAP IS also has been noted to fall in the necrotic core of focally ischemia brain (Chen et aI., 1993) . This fall seems most likely to be due to lethal injury of astrocytes (Chen et aI., 1993) , a process that seems unlikely to apply to the HOTC results reported here. This conclusion stems from the fact that Sytox staining did not increase at times when GF AP IS fell (data not shown).
What accounts for a fall in GF AP IS is unknown. However, several fundamental changes may be involved. Compared with sham cultures, the reduction in GFAP IS may be due to a loss of GF AP-positive cells. Alterna tively, existing GFAP-positive cells may show a dimi nution in the overall intensity of individual cellular GFAP IS. The morphology of GFAP filaments may be affected by pH, divalent cations, ionic strength, amino acids, and temperature [for review see Inagaki et aI. (1994) ]. Since GFAP intermediate filaments can dynami cally shift between assembled and dissembled states, changes in the extracellular milieu may affect GFAP expression. The fall in GFAP IS after NMDA exposure may reflect a reduction in protein synthesis or a change in gene expression. Two mitogenic cytokines, tumor ne crosis factor and basic fibroblast growth factor, have been associated with down-regulation of GFAP protein and mRNA, possibly by altering the stability of the mRNA (Selmaj et aI., 1991; Lapling et aI., 1994; Murphy et aI., 1995) . Although these cytokines induce astrocytic proliferation, the decrease in GFAP induced by tumor necrosis factor ex is not strictly due to cellular prolifera tion (Murphy et aI., 1995) . Finally, phosphorylation and dephosphorylation of the GFAP filament, which play a critical role in the maintenance and reconstruction of these intermediate filaments (Inagaki et aI., 1994) , may be altered after NMDA exposure in HOTe.
Vimentin IS. Vimentin IS rises in association with ir reversible neuronal injury. Petito and colleagues (1990) found that unlike GFAP, which increases in regions of both reversibly and irreversibly damaged CNS tissue, changes in vimentin IS are restricted to areas of irrevers ible damage and appear in parallel with neuronal necro sis. In HOTCs, a similar pattern of vimentin IS was observed. Significant increases in vimentin IS were found in the DG and CA I ' the two regions that displayed neural cell lysis. Unlike effects in vivo, though, where vimentin IS remains elevated for comparatively longer periods, the density of vimentin IS returned toward base line in all regions by 48 h, only to increase again in CAl (and transiently in CA3) by 72 h. The increase in CA3 vimentin IS was surprising since this region remained free of Sytox after lethal NMDA exposure. Perhaps soluble factors associated with increased vimentin IS in CAl and DG can diffuse to the adjacent CA3 area to cause the positive staining seen there.
Alternatively, the increase may be a delayed response to alterations in neural activity following damage to both input and output targets of the CA3 pyramidal neurons.
Cellular prolifera tion . PCNA has been identified as a polymerase 8 accessory protein (Bravo et aI., 1987) that is necessarily associated with cell division when it is detected within nuclei (Woods et aI., 1991) . It exists in two forms: one soluble and another insoluble (Bravo and . Both forms can be detected using the fixative and peNA antibody employed in this study. The soluble form is not associated with cell divi sion, does not change with cell division, and is localized diffusely throughout cell cytoplasm. The insoluble form is localized to nuclei when DNA synthesis is occurring. Thus, detection of the latter form is quite specific for cells destined to divide. False-positive peNA IS with the J Cereh Blood Flow Metab, Vol. 17, No. 1. 1997 soluble form was not quantitated in this study. Exclusion of falsely positive staining was accomplished by two maneuvers. First, a 660-nm band pass filter dramatically reduced diffusely positive peNA IS. Second, only posi tive peNA IS that resembled nuclei (e.g., areas 5-20 f.,Lm in diameter with a 5-to 20-f.,Lm perimeter and roundness value of 1.0-1.6) was counted. Visual inspection showed that these computer-based parameters for cell nuclei un- derestimated the number of rCNA-positive cell nuclei in HOTCs.
MacDonald
The dramatic increase in rCNA-positive cells throughout the HOTCs exposed to a lethal dose of NMDA parallels those changes seen in vivo following irreversible injury from ischemia and trauma. In vivo, regions in proximity to the lesion site initially contain the highest number of proliferating cells, with fewer cells found distant to the injury (Takamiya et a!., 1988; Schiffer et a!., 1993) . This was also seen in HOTCs, where significant increases in rCNA-positive cells were seen in the DG and CA I ' but initially not in CA 3 . With increasing survival times, the number of proliferating cells transiently increased in the undamaged CA 3 to lev els seen in the DG and CA I ' where irreversible cell in jury was found. This is a pattern of cellular proliferation that is also seen in vivo, for example, after SD. The small size of the rCNA-positive cells (6-10 fLm) suggests that these cells are probably not neurons. In addition, as men tioned previously, only infrequently were double-labeled cells for both GFAr and rCNA found in the cultures, indicating that most of the proliferating cells were not astrocytes. The most likely remaining candidate cell type is microglia, which is consistent with the results of Schiffer and co-workers (1993) who suggested that most of the proliferating cells after brain injury in vivo were microglia. Some rCNA-positive cells may also be oli- regions of hippocampal organotypic culture (HOTC) after 1 !-1M N-methyl-D-aspartate (NMDA) exposure and survival periods of 24, 48, 72 h or 7 days. A significant increase in GFAP IS OD is seen only in the DG at 24 h postexposure, while in the CA3 at 72 h, a significant decrease is found. In all other regions and survival points, log ratios remained near control levels. Vimentin OD log ratio values are slightly positive in all regions 24 h postexposure followed by negative values for the remaining survival times. In the DG (72 h and 7 day) and CA3 (48 h), the negative log ratio values reach significance. Significantly negative PCNA log ratio values are found in all regions 24 h postexposure, but values return to near baseline levels at 48 h. By 72 h postexposure, the log ratio values return significantly to negative values and remain so at 7 days. Data are shown as means ± SD (*p < 0.05, **p < 0.01, ***p < 0.001) compared with respective sham controls. The latter are based on 14-17 HOTCs, while 14-25 HOTCs were analyzed in the NMDA-exposed group.
godendroglia. However, their numbers in normal HOTC are very low compared with microglia. Some PCNA positive cells in the DG may also be granule cells, which proliferate into adulthood in vivo (Cameron et aI., 1995) .
HOTC reaction to 1 !-1M NMDA Chang es in cell-specific immunohistochemical mark ers. Exposure of HOTCs to 1 /-1M NMDA caused a smaller and less prolonged increase in GF AP IS than was seen after exposure to 10 /-1M NMDA. This lower con centration of NMDA did, however, induce the same bi phasic change in GFAP IS. That is, after an initial rise, GFAP IS fell from exposure to 1 /-1M NMDA. This fall was evident in all hippocampal zones but reached a sig nificant level only in CA 3 . Nonetheless, that it occurred further supports the biologic importance of the signifi cant decrease in GF AP IS that was seen in all hippocam pal zones after 10 /-1M NMDA. Importantly, cells were never destroyed from exposure to 1 /-1M NMDA. Thus, loss of astrocytes cannot be the cause for the drop in GFAP IS seen after 1 /-1M exposure. It is possible that 1 /-1M NMDA did induce GFAP mRNA that was not ex pressed as increased GFAP protein, as seen after a single electroconvulsive seizure (Steward, 1994) . Interestingly, a blockade of the NMDA receptor in vivo results in slight in d eases (p < 0.1) in both GFAP and vimentin IS in the DG (Gould et aI., 1994) , suggesting a role for these receptors in glial proliferation and maturation. Although the mechanisms that trigger an increase in GFAP IS are unknown, neural degeneration, like that observed after 10 /-1M NMDA. is considered an impor tant factor. As noted, neocortical SD, a benign perturba tion of neural tissue, causes an increase in both GFAP IS (Kraig et aI., 1991) and GFAP content (R. P. Kraig et aI., unpublished) . Thus, other physiologic factors must be involved in triggering increased expression of GFAP. One such factor may be increased neuronal activity and/ or associated cellular depolarization. With increased neu ral activity, neurons depolarize and release a host of neu rotransmitters and other paracrine and autocrine sub stances. Furthermore, interstitial levels of ion concen trations change. For example, K + rises. Similar changes occur with SD (and exposure to NMDA). Alterations in interstitial [K + ] can be expected to modulate astrocytic metabolism and growth under normal and pathological conditions [see for review]. Likewise, interstitial glutamate, which is released with neuronal depolarization and is actively metabolized by astrocytes (Hertz and Schousboe, 1986) , might play a key role in initiating changes in GF AP IS. If true, then the interrelation of these processes and GF AP expression may be expected to be dose dependent.
Cellular prolifera tion. In contrast to the dramatic in crease in proliferation found with 10 /-1M NMDA expo-J Cereb Blood Flow Metab, Vol. 17, No.1. 1997 sure, the reverse was found after 1 /-1M. An NMDA induced decrease in proliferation has previously been reported in vivo. Cameron and colleagues (1995) ob served a rapid decrease in the number of cells synthesiz ing DNA following activation of NMDA receptors in the rat DG. However, they did not find changes in the pro liferative rate of astrocytes. Despite the NMDA-induced decrease in neuronal proliferation reported in vivo, the increase in overall HOTC cellular proliferation following 10 /-1M NMDA was likely due to activation of microglia induced by neural lysis. In contrast, following 1 /-1M NMDA, a reduction in neuronal proliferation may ex plain the decrease observed in the DG, but it does not account for the decrease in CAl and CA 3 , regions where neuronal proliferation is not found postnatally in vivo. A relative immaturity of these latter zones compared with their counterparts in vivo may account for this differ ence.
CONCLUSION
Taken together, our studies here show that astrogliosis from excitotoxic injury in HOTCs is similar to astroglial changes seen in vivo after global ischemia. Given the ease with which single identified cells can be followed in space and time within HOTCs, our results suggest the HOTCs may be an important preparation with which to examine the cellular and molecular mechanisms as well as consequences of astrogliosis.
